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Cryogenic frequency domain optical mase unry

G. C. Ijorklud, W. Leath and C. Ortiz

I= Research Laboratory, Sen Jose, California 95193

Abstract

Cryogenic frequency domain opticalyemories based upon photochemical hole burning offer the possibility of

storing data at densities of up to 10 bits/cm
2
. The basic principles of photoehemical hole burning are

reviewed. Recent results on recording materials, data reading and writing. and configurations are presented.

Introduction

The Spot l storage denity of conventlonal optical memories is limited by diffraction to a maxIm of

log bits/cu' for planar geometries. The phenomenon of photochemical hole burning allows optical frequency to
be utilized as an additional dimension for the organization of an optical neuory.

1 
Up to 103 bits of

infortio can be recorde, at each special storage location and spatial storage densities of 10lO
° 
bits/cal

or 10 bits/C
2 

are ultimtely possible.

In this paper we review the basic principles of photochemical hole burning and present new results on

recording materials, data reading and vriting by TX spectroscopy, and nemory configurations.

photochemical hole burnin.

Certain low temperature solid state materials such e aggregate color centers or molecules in solution have
spectra which exhibit relatively sharp inhomogeneously broadened absorption lines with widths 'a! varying from

several Wn
" 

in crystalline solids to ver 100 cm"l In glasses and polyers. As shown in Figure 1, such
inhomogenous line is the result of the superposition of many much narrower homogeneous lines of width &de
whose center frequencies are shifted by the random local enviromuts is the crystal. The value of " Is
determined by intic. molecular relaxation processes end ag 2K can be as narrow as 0.00067 c." (20 M, in
crystals and 0.1 ca'- in glasses. Thus, 6m is typically 104-10V times narrower than a.
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The phenmon of photochemical hole burning (PU) occurs when a permanent photochemical process is induced
by a laver bam tuned to a particular frequency vithin the inhomogeneous line. The laser radiation interacts
only with that subset of molecules, whose local environments are such that the laser wavelength as contained
within thair homogenaous absorption lines (see Figure 2). Since the photochemisatry depletes the population of
thia subset, the abaorption coefficient at the exact laser wavelength 4L is reduced. 1n this way, a permanent
"bole" or dip ia procluced in the inhomoageneous line profile. For shallow holes, the hole width L equal to
0c 4ai. Thus, 10 resolvable holes can be burned in a given inhomogeneoua line. As shown in Figure 3a,
0ibts of information could be recorded at each spatial storage location by the presence or absence of holes

ac specific frequency locatLons within the inhomogeneous line.

(a) (b)

II

0 110 10 0 1 110 1 00 01 00 00 0

- Optical Frequencv -.

0 1110OO100O11I001O001D0011 0

Figure 3. (a) illustration of infora ion storage by photochemal hole burning. Bits of information are
encoded by the presence or absence of photochemical holes at various frequency locations of as inhomogeneously
broadened absorption line. (b) Sequence of 150 %a wide photochemical holes burned into a 15 GHz wide portion
of :he i7A6j zero-phnon linte of an aggregate color center in V&a.

At preseqn, the moat promising materials for optical memories based upon PiRB are the aggregate color
..centers in alkali halide cr.stal hosts. ,. Figure 3b shows e string of binary information recorded by 150 .iz
•d.o'holes burned into a portion of the 3749A zero-phonon line of an aggregate color center in .I F. These
boles can be erased by illuinatiag the sample with incoherent LV radiation of 4000A or shorter. vigure 4
shows proposed mechasnms for the wriLng and erasing processes. Soch mechanisms are based upon electron
C-42214ing from excitad sital

Zn addition co possessing good hole-burning properties, these materials mest the practical requirements of
scasbilici at: room temperature, good optical quality, reversibi ity, potential compatabii .ty with SAlAs lasers
(see %lure 5), and capability of being produced .n thin films. 3  This thin film capability is important, in

i IOrder to achieve storage densities of 1011 bits/cm2 , it is necessary to utilize tghtly focused laser beans
: with li i ed depth of focus.
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Data readint and vriting usins: FM ssectroscoov

In ordar to effectively utilize the very large storage capabilities which PU emories offer, it is
necessary to develop smas for rapidly writing data into and reading data out of the memory. Seth the writing
and reading speeds are limited by the time delay in accessing the desired spatial location sand by the time
delay encountered in tuning the lasr to the desired optical frequency. In addition, the writings speed is
Limited by the intrinsic rate of the hole burning photochemis try. while the reading speed to limited by the
dwell time necesery to detect the presence or &hbse of a bole with sufficient signal to ise.

.me newly developed technique of frequency modulation (IN) spectroecopiy- 4 allows rapid laser frequency
tuning and rapid detection of the holes.* This technique utilizes widely spaced optical FN sidebsede to reed
or write the holes. The YK optical spectims is produced by passing th output of a single frequency Ia&e"
oscillating at optical frequency vic through a phase modulator driven at radio frequency vi to produce a
carrier at Vc and two sidebands of uc*V,. U7p to 200 Gns of optical frequency can be accessed by tuning ua
with v c fixed.

Figurei 6 shows a typical experimental arrangement f or detecting a hole by FM spectroscopy. The FM Light is
incident on a ample containing a narrow spectral feature (the hole). The values of ve and %,Aaim such that
the spectral feature is probed by a single isolated sideband. The sidebands thus experience different smonts
of absorption in traversing the sample. This distortion of the FM spect.~ results in a heterodyne beat i
signal at the rf aodlation frequency % that is picked up by the fast photodetector which monitors the
energing been. The strength of the absorption or dispersion associated with the hole is determined by
measuring the phsse and strength of the beat signal. The advantages of FM spec troscopy for reading are that
there is no signal unless the sidebends are unbalanced, the sarro ILnewdth of the original Laser source is

* preserved, the hole is exposed to very low pinr densities, and the sensitivity an be shot noise limited.
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Data readial and writing usina IN4 sectroscogy

In order to effectively utilize the very large storage capabilities which PUN meories offer. it is
necessary to develop means for rapidly writing data into end reading data out of tho memory. Both the writing
and reading speeds are limited by the tine delay in accessing the desired spatial location and by the tim
dalay encountered in tuning the laser to the desired optical frequency. In addition, the writing speed is
lIMitad by the intrinsic rats of the hole burning photochemistry, while the reading speed is limited by the
dwell tiM necessary to detect the pregence or abse of a hole with sufficient signal to oise.

The newly developed technique of frequency modulation (MN) snpectroscopy" allos rapid laser frequency
* tuning and rapid detection of the holes. This technique utilizes widely spaced optical 114 sidebande to reed

or write the holes. The 114 optical spectrum is produced by passing th output of a single frequency laser
oscillating at optical frequency Y. through a.phase mdulator driven at radio frequency Y3 to produce a
carrier at v0 and two sidebands of Y.1%m. Up to 200 Gft of optical frequency can be accessed by tuning Yu
with V cfined.

figure 6 showe a typical experimental arrangemeat for detecting a hole by 114 spectroscopy. The 1IN light is
Incident on a sample contafin a narrow spectral feature (the hole). The values of v. and v, are sh that
the spectral feature is probed by a single isolated sideband. The sideands thus experience different smunts
of absorption is traversing the sample. This distortion of the PH spectrum results In a heterodyne beat
signal at the rf modulation frequency %* that is picked up by the fat photodetector which monitors the
emerging bees. The strength of the absorption or dispersion associated with the hole is determined by

masuingthephase end strength of the boat signal. The advantages of FM spectroscopy for reading are that
there s M si nlss the sidabands are unbalaced, the narrow linewidth of the original laser source is

Pieseavwed. the hole is exposed to very low power densities, and the sensitivity can be shot noise limited.I
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Figure 7 indicates a somewhat different arrangement. Here, the value of vm is held constant at a value
near 100 MR: and vc is varied by tuning the laser. The sideband spacing is nov less than the width of the
hole and the resulting FM spectroscopy signal gives the derivative of the hole lineshape. Figure 8 shows a
typical txperi-ental F4 spectroscopy signal characteristic of a single photochemical hole and Figure 9 shove
data proving that photochemical holes can be detected in microseconds using this method.

E (t) E21t0 EP)

S w 1200 MHz

I-

S2

c ii_______
Wa Sivael

WM : 100 MHz

]OW WoW Modulation Frequency

WC W WC Wc C + Wm

Optical Frequency --

"i.ure 5. (a) A t7pical experi-ental Figure 7. Frequency domain illustration
arrangement for 7. spectroscopy. of derivative EM spectroscopy.
,b) Frequency domain illustracon
of F% spectroscopy.

71ea fastes reading and vrtcin% speeds could be achieved using a multiplex version of F4 spectros.opy. The
-arrr frequency would be supplied by a fixed frequency laser operating at an optical frequency near to,
-ut not coincident with. the ishamoleneous absorption band. The ph&*e modulator would be driven
s.mu.taneously at n different RF frequencies, w , ... , wK and n pairs of upper and lover F.4 sidebands
would be produced at frequencies w€.*; p .wcr2, ,... wcl:h. Thus, as shown in Figure 10, each sideband would
probe a separate optical frequency location.

.leding wouU be accomplished by producing weak sidebands at all possible hole locations and monitoring the
light emerging from the sample. The presence or absence of a hole at a given optical frequency would be
dater.inod by montoring the Lntensit? of the corresponding RF beat signal. If 1000 sidebands spaced by

0 :!Rz were utilized. :€oplete reading of all of the nferation encoded at a specific spatial storage
location could theoretically be accomplished in less than 100 asec, resulting in burst reading data races of
:: " 'LZs/sec. j

I- dX_
"'ritias would be accomplished by driving the phase modulator vith intense RF fields at selected

frocuencies. This oul d produce strong simultaneous F4 sidebands at the frequency locations where holt
,Urnisg vould be desired. Only the ',pper F4 sideband. ,would burn holes, s nce the carrier and lover sidebands
"oiuld not be "'.ithin te 1-2homeogaeoua absorption bands.
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---.re 8. Experimental FM spectroscopy signal Figure 9. Experimental demonstration of
characceristic of a single photochemical hole. fast detection of a photoce eical hole

using TH spectroscopy. The figure on the
left shov a photocheaical hole detected
using standard excitation spectroscopy and
signal averaging. The figure on the right
shows the FM spectroscopy signal arising
when the laser beam was chopped to forn a
train of widely separated usec duration
pulses.

Absorption
Inhomogeneous

Absorption Band

A' t TT T .T I,,
4beeO WC Ij- ' oe 4C

' k W1 W 1 Wk

FM Lower Sidebands FM Upper Sidebands

irare L.1. Frec'e-ncy ioma".: ±.ustration o4 ultiplex FM spectroscopv.
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P113 memolz confisturations

The derivative F4 spectroscopy approach Illustrated in Figures 7, 8 and 9 provides the basis for a memory
configuration which is equivalent to a very large direct access storage device (DASD) system. In today's
cchnology, DASD devices are based on inductiv, magnetic recording on disks..

Figure 11 shows the reading and writing timing diagram for this configuration. The laser frequency is
repetitively ramped between uijn and wwz at a 30 lila rate. This type of scanning can easily be achieved with
current tuned G*AJA a sers.* Thus every 30 usec, the laser is scanned over the inhomogeneous line. ?or
writing, the effeactive photochemical hole burning rate is controlled by a time varying external gating
voltage. This gating could be achievred, for instance, by driving a fast light gate placed in front of the
recording medium or by using an external field to control the quantum yield of the hole burning process
itself . fox reading, the later is FM modulated at wm, less than or equal to the hole width and the raw
derivative FM signal monitored as a function of time. The differentiation process effectively suppresses the
slowly varying inhonogeneous linashape. Pulse shaping electronics are employed to reproduce the original data
pulse shapes.

flr7e Laser' Tuning --... .

A -30 usc-o.

0WritingJv,.

V.. .. -

t1 --- --- --- --

Hles written

Raw FM
104CttrOsoov signal~ 1*

Signal aft.. UI ern i

~i~ure2.. 'ading and uriting t'-nizg

..1agrn ~ :A~~t,,e:on~guat~n.figure IZ. (a) General layout eor
configuration v.ith 1.00 arms. %b) Centralized
:=Vqsnetits. (c) A t"7±.al arm.

'ONO-
-.1 -1 .- - I -i. ..... ...



figure U shown a multiple arm mmry system constructed using these principles. The centralized
components consist of the current tuned GsAL~s laser, the phase modulator ad die, an array of
64 photodtector. followed by double balanced mixers, an array of 64 latig drivers. and a 100 spot
acousto-optic deflector for arm selection. Each arm consists of a lOJxlO' spot XY galvonometer driven mirror
pair, a holographic optical element which acts both as a focusing leas and 64X beasn multiplexter, and an array
of 64 I-cm squares of recording medium. The 100 arms are contained in a 1 m3 L~e cryos tat.

Each 1-cm square of recording medium contain8 10' spatial storage locations and hence 10 x106 or 10~ bits
of iformtio. Eah a thus contains 6.401u1 bits and the antije system contains 6.m 2 bits. The data

is organized into 6 .010 bit pages, each defined to consist of 10~ time domain bits flowing in the
64 parallel data channels. The time to read or write a page is thus 30 uisec.

Since galvonometer driven mirrors have settle time on the order of 3 usec * only 1l of the time for each
arm is spent reading or writing data. The remaining 99% of the time is effectively dead time while the
mirrors are moving to the next position. This makes possible time sharing of the centralized components amng
the 100 arms to insure that data is being read or written into one of the arms at all tines. Thus the average
data rate is on the order of Zx109 bits/ee. Data erasing is most easily accomplished on an arm-by-eam basis
using flood illumination from a lVV lamp.

EO Deflector Plus Multiplex FM Spectroscopy

Phase
Moulator Photodetector

One
Frequency Multiplex EO deflector ofc~rin
Laser Modulat o eodn

Driver Medium

1000 1000 Mutiplex
Channels Channels :aetrpni
IN OUT

I psec RAT to any 1.0OKbit page
100 nsec: to read/write page
0.1 gbyte capacity
10 gbit/sec burst data rate
(1 gbit/sec average data rate 1,000.000 1/0 per sec)

i±ur 13. Memory configuration using multiplex FIA spectroscopy and
;iectro-optic beam deflection.

..ie multiplex FH spectroscopy approach illustrated in Figure 9 coupled with alectro-optic beam deflection
provides the basis for an unusual emory7 configuration with extremely high data rates and Last random access
time, but with limited total storage capacityr. Figure 13 shows the overall setup. The output of the fixed
frequenc7 laser is passed through the phase modulator driven simultaneously at 1000 different RF frequencies.
For urriting. the intensity of each of the RF fields is directly controlled by the corresponding input data
channel. Thea laser beam is next passed through a 106 spot electro-optic deflector with I .sec random access
time to each spot and focused onto a 1-cm square of recording medium, Reading is accompli~had by utilizing
phase-sensitive multiplex electronics to analyze the photodetector output and drive the 1000 parallel data

output channels.

it.h
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The total memory capacity would be 10
3
x10

6 
or 109 bits of information. The data is organized into 1000 bit

pages, each defined to consist of I time domain bit flowing in 1000 parallel data chann.ls. The tine to read

or vrite a page is 100 usec, corresponding to a burst data rate of 1010 bits/sec. The average data rate is

limited by the random access tine to 10' bits/sec.

The work was parti.ly supported by the Office of ';aval Research.

Permanent address: MIT Lincoln Laboratory, Lexington, Massachusetts

Permanent address: Instituto de Optica, Serrano 121, Madrid 6, Spain
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